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ABSTRACT: A novel compound, [Ni(DCPTP)], (termed Ni-DCPTP), based on
the 4'-(3,5-dicarboxyphenyl)-2,2',6’,2"-terpyridine (DCPTP*") ligand was presented
here. Ni-DCPTP has a three-dimensional structure with a ths topology featuring one-
dimensional (1D) helical channels. Ni-DCPTP shows an efficient removal of a trace
amount of C,H, from a C,H,/C,H, (1/99) mixture with an excellent C,H,
productivity as demonstrated by both the transient breakthrough simulations and
breakthrough experiments, generating the polymer-grade C,H, gas (C,H, < 40 ppm).
The carboxylate oxygen atoms on the surface of 1D channels are the preferential .,
binding sites for C,H, molecules. This work demonstrates an elegant example with
carboxylate oxygen-functionalized pore channels for effective C,H,/C,H, separation.
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B INTRODUCTION give a one-dimensional (1D) helical chain, which is further
connected to its six neighbors to generate a three-dimensional
(3D) framework. The Ni-DCPTP has 1D channels decorated
with the carboxylate oxygen atoms, which provide the
preferential binding sites for C,H, molecules. The transient
breakthrough simulations and transient breakthrough experi-
ments show that Ni-DCPTP can efficiently produce the high-
purity C,H, from a C,H,/C,H, (1/99) mixture under ambient
conditions.

Metal—organic frameworks (MOFs) which consist of metal
ions or metal clusters and organic ligands are a unique kind of
porous materials having important applications in the
separation and storage of gases.l’2 Recently, a few MOFs
have been reported for the effective separation of C,H, and
C,H,.” Ethylene (C,H,), which is obtained from steam
cracking in the petroleum refining process, is one of the
most widely used fine chemicals. For the downstream
polymerization reaction, the acetylene (C,H,) concentration

in the C,H, gas must be lower than 40 ppm (ppm), avoiding B EXPERIMENTAL SECTION

the catalyst poison during C,H, polymerization.” Therefore, Physical Measurements. The Fourier transform infrared

the development of porous materials for removing a trace of spectrum was recorded from a KBr disc by using a PerkinElmer
. -1

C,H, from the C,H,/C,H , mixture is needed. For efficient gas Spectrum One spectrometer ranging from 4000 to 400 cm™ . Powder

X-ray diffraction patterns were collected on a Rigaku Dmax2500

separation, the sieving effect and pore functionalization of the !
diffractometer (Cu Ka radiation, 1.5418 A). Thermogravimetric

porous materials are two powerful approaches, as demon- . ) . .
trated i . £ MOF terial h UTSA-100.* analyses were carried out on a PE Diamond thermogravimetric
S rla ed m as seres o 6 ateriais such as 7 e analyzer under a N, flow. Gas sorption measurements were carried
M’'MOF-3a,” UTSA-200," and SIFSIX materials.” For overall out on a Micromeritics ASAP2020 HD88 system. The highly pure N,,

column breakthrough separations as evaluated by their C,H,, and C,H, were used in the sorption experiments.
productivity, the pore volume, framework density, gas uptake, Breakthrough Simulations. The transient breakthrough simu-
and selectivity of C,H,/C,H, of MOFs individually play their lations are carried out with the reported simulation methodology.®
roles and need to be collaboratively considered. Herein the 4'- The detailed parameters of the breakthrough simulation are shown in
(3,5-dicarboxyphenyl)-2,2/,6’,2"-terpyridine (H,-DCPTP) - the Supporting Information.

gand with two carboxylate groups and a terpyridine was

developed to construct a new MOF [Ni(DCPTP)], (termed Received: May 29, 2018

Ni-DCPTP). The DCPTP*" ligands link the Ni(II) ions to Published: July 24, 2018
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Breakthrough Separation Experiments. The breakthrough
separation experiments were performed at 298 K and 1 bar using a
C,H,/C,H, (v/v = 1/99) mixture.

Chemicals. All chemicals were purchased commercially.

Synthesis of [Ni(DCPTP)],,. Ni(CH;COO0),-4H,0 (30.0 mg, 0.12
mmol) and 4’-(3,5-dicarboxyphenyl)-2,2',6,2"-terpyridine (24.0 mg,
0.06 mmol) were mixed with 3 mL of DMF and were sonicated for 5
min. Then, 0.7 mL of HNO; (1 M) was dropped into the above
mixture. The resulting mixture was introduced into a 20 mL Parr
Teflon-lined stainless-steel vessel. The sealed vessel was heated at 140
°C for 2 days and then cooled to form green crystals. The green
crystals were filtered and dried. Yield: 36.7% based on 4'-(3,5-
dicarboxyphenyl)-2,2',6,2"-terpyridine. Anal. Calcd for [Ni-
(DCPTP)-2DMF-H,0], C,H,N;O,Ni (618.26): C, 56.36; H,
4.72; N, 11.29%. Found: C, 56.82; H, 4.41; N, 10.81%. IR spectrum
(cm™): 3866 (w), 3742 (w), 3394 (s), 1615 (s), 1561 (s), 1474 (w),
1443 (m), 1401 (w), 1364 (s), 1319 (w), 1249 (w), 1160 (w), 1095
(w), 1052 (w), 1033 (w), 1017 (w), 879 (w), 782 (m), 751 (w), 730
(m), 663 (m), 641 (w), 421 (w).

X-ray Crystallography. Crystal data of Ni-DCPTP was collected
at 293 K using a Rigaku Oxford SuperNova diffractometer (Mo Ka
radiation, A = 0.71073 A) equipped with an Eos detector. Absorption
correction and data reduction were performed using CrysAlisPro
software packages.” The structure was solved using SHELXT'® and
refined against F? using SHELXTL."" All atoms except for hydrogens
were refined with anisotropic thermal parameters. The hydrogen
atoms were assigned to calculated positions and refined using a riding
model. The disordered solvent molecules were treated by SQUEEZE
in program PLATON'? to give a new set of solvent-free Kkl
reflections. The structure was refined further using the solvent-free
data (R, IIF,l — IFJI/YIF,| and wR, = {X[w(F.> — F2)*]/
> [w(F,2)?1}7%). The crystal data and the refinement details are
summarized in Table 1.

B RESULTS AND DISCUSSION

Crystal Structures. Ni-DCPTP crystallizes in the Cc space
group and contains a DCPTP*” ligand and a Ni** ion in the
asymmetric unit. The Nil jon is six-coordinated by three

Table 1. Crystallographic Data for Ni-DCPTP*

formula C,3H,3N;0,Ni

fw 454.07

temp (K) 293(2)

cryst syst monoclinic

space group Cc

z 4

a (A) 18.3324(10)

b (A) 8.4996(5)

¢ (A) 20.0672(12)

a (deg) 90

B (deg) 107.688(6)

v (deg) 90

vV (A%) 2979.0(3)

Deyeq (g cm™) 1.012

u (mm™) 0.676

no. of reflns collected 14705

independent reflns 5956

obsd reflns (I > 26(I)) 5366

F(000) 928

R[int] 0.0560

R, (I > 26(D)) 0.0474

wR, (all data) 0.1431

CCDC number 1842691
“R, = MINE| — IFAN/YIF] and wR, = {3 [w(F,> — F2)*/
ZIw(E)

9490

carboxylate O atoms from two DCPTP*~ ligands and three N
atoms of a DCPTP*” ligand in a distorted octahedral geometry
(Figure la). The DCPTP*" ligand bridges three metal ions,
showing the same coordination mode as that of the Mn(II)
compound.'” The Ni** ions are bridged by the tridentate
DCPTP*" ligands to form a 3D framework (Figure 1b). The
3D framework features the 1D open channels running along
the b axis (Figure lc). Examination of the 3D framework
indicated that the 1D open channels are helical channels. The
Ni** ions are bridged by the DCPTP*" ligands to form two
kinds of helixes with opposite chirality (Figure S1 in
Supporting Information). Topologically, the Ni** ion is a 3-
connected node, and the DCPTP*~ ligand bridges three metal
ions serving as a 3-connected node. It is interesting that the
two types of 3-connected nodes are topologically equivalent
nodes. Thus, the 3D framework is the (10, 3)-d (ths)
topological net with the Schlifli symbol (10,-10,-10,). Such a
network contains the alternate arrangement of the parallel left-
and right-handed helical chains in a mole ratio of 1:1, which in
Ni-DCPTP alternates along the ¢ axis (Figure S2). The
disordered DMF and water solvent molecules, which account
for 46.7% of the unit cell volume,"* fill the 1D channels with a
diameter of about 10 A.

Gas Adsorption Properties. As mentioned above, Ni-
DCPTP has 1D pore channels. The porous character of Ni-
DCPTP was demonstrated by N, adsorption experiments at 77
K. The as-synthesized Ni-DCPTP was exchanged with CH,Cl,
several times and then exchanged with dry n-hexane several
times before thermal activation at 120 °C under a dynamic
vacuum. Removal of solvent molecules from the framework
was observed below 115 °C, as shown by the TGA curve of the
solvent-exchanged sample (Figure S3). The N, sorption
isotherm of Ni-DCPTP displays a characteristic reversible
type I isotherm featuring a sharp uptake at P/P° < 0.01 (Figure
2). The N, uptake for Ni-DCPTP at 1 atm is 281 cm® (STP)
g~', suggesting the microporous structure of Ni-DCPTP. The
Langmuir and Brunauer—Emmett—Teller surface areas for Ni-
DCPTP are 1229 and 857 m* g™, respectively. The total pore
volume of 0.428 cm® g™' derived from the N, adsorption
isotherm matches well with the estimated value (0.461 cm?®
g’') from the crystal data. The narrow distribution of
micropores around 6.7 and 10 A (Figure 2, inset) was
provided by the nonlocal density functional theory model
based on the N, adsorption data. PXRD of the sample after
adsorption matches well with the pristine one, suggesting the
maintenance of the 3D framework after adsorption (Figure
S4).

To value its potential for gas separation, the gas sorption
isotherms of C,H, and C,H, at 273 and 298 K for Ni-DCPTP
were collected. At 273 K and 1 atm, C,H, and C,H, uptake
amounts for Ni-DCPTP are 173.6 and 116.8 cm® g7,
respectively (Figure 3a), indicating that the C,H, uptake of
Ni-DCPTP is high. At 298 K and 1 atm, Ni-DCPTP takes up
146.4 cm® ¢! of C,H, and 100.4 cm® ¢! of C,H, (Figure 3b).
At 298 K, the C,H,/C,H, uptake ratio of 1.46 for Ni-DCPTP
is higher than those of the MOF-74 series."* Though the
C,H,/C,H, uptake ratio for Ni-DCPTP is smaller than those
of UTSA-100a (2.57)* and M'MOF-3a (4.75),” the C,H,
uptake (6.53 mmol g™') for Ni-DCPTP at 298 K is much
higher than those of the UTSA-100a (4.27 mmol g™') and
M’MOF-3a (1.9 mmol g™') at 296 K. It should be noted that
Ni-DCPTP rapidly adsorbs C,H, at low pressure with C,H,
uptake reaching 105.8 cm® g™' (298 K) and 142.2 cm® g™*

DOI: 10.1021/acs.inorgchem.8b01479
Inorg. Chem. 2018, 57, 94899494


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01479/suppl_file/ic8b01479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01479/suppl_file/ic8b01479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01479/suppl_file/ic8b01479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01479/suppl_file/ic8b01479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01479/suppl_file/ic8b01479_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b01479

Inorganic Chemistry

Figure 1. (a) Coordinated environment of Ni atom, (b) 3D framework, and (c) 1D pore channel of Ni-DCPTP.
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Figure 2. N, absorption/desorption isotherms of Ni-DCPTP at 77 K.

(273 K) at 155 mm Hg, while the C,H, uptakes at 155 mm Hg
are 66.1 cm® g™' (298 K) and 93.2 cm® g™' (273 K). Such a
dramatic difference between C,H, and C,H, uptakes indicates
that Ni-DCPTP is very promising for C,H,/C,H, separation.
The ideal adsorbed solution theory (IAST) calculation gives
the C,H,/C,H, (1/99) adsorption selectivity of 5.5 at 1 kPa
(Figure SS). The C,H,/C,H, adsorption selectivity is greater
than those of Fe-MOF-74 (2.1)'** and NOTT-300 (2.2—
2.5).% Fitting of the adsorption isotherms at 273 and 298 K

with the virial method gives the isosteric heat of adsorption Q,
for C,H, in the range 38.9—39.4 k] mol™" (Figure S6), which is
comparable to those of SIFSIX-2-Cu-i (42.0 kJ mol™")”* and
Fe-MOF-74 (46.5 kJ mol™)."** As shown in Figure 1c, the 1D
channels are decorated by the carboxylate oxygen atoms,
especially for the uncoordinated carboxylate oxygen atoms,
which will provide basic binding sites for the C,H, molecules.
Additionally, the PXRD pattern of the Ni-DCPTP sample after
exposure to air for 20 h remained unchanged (Figure S4),
indicating the Ni-DCPTP material is stable in atmospheric
moisture. The C,H, and C,H, adsorption curves at 298 K for
Ni-DCPTP after exposure to air for 20 h overlap with the
corresponding adsorption curves for the pristine Ni-DCPTP
(Figure S7). Such a result indicates that the C,H, and C,H,
adsorptions are not affected by a trace of water.

Dynamic Separation of C,H,/C,H, Gas Mixtures. For
evaluation of the C,H,/C,H, separation performances for Ni-
DCPTP, we performed transient breakthrough simulations'* in
column adsorption processes for Ni-DCPTP and other MOFs.
For mimicking the actual industrial process, the C,H,/C,H,
mixture (1/99) was used as a feed. Figure 4 demonstrates the
dimensionless time (7)-dependent molar concentrations of
C,H,/C,H, at the outlet of the adsorber packed with the
studied MOFs at 100 kPa and 298 K. The C,H, eluted
through the bed first to produce a polymer-grade C,H,, and
then C,H, broke through from the bed at a certain time 7},
indicating that a clean separation was realized (Figure 4). The
dimensionless Ty, value for Ni-DCPTP is significant larger
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Figure 3. Acetylene (magenta) and ethylene (blue) sorption isotherms of Ni-DCPTP (a) at 273 K and (b) at 298 K. (The closed and open

symbols represent the adsorption and desorption curves, respectively.)
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Figure 4. (a) Simulated column breakthrough curves for C,H,/C,H, separation for MOFs as indicated (C,H, and C,H, are represented as open
circles and filled circles, respectively; C,/C,, outlet concentration/feed concentration). (b) C,H, concentration at the outlet versus 7y, for MOFs.

Table 2. Summary of the Adsorption Data for Acetylene and

than those of the MOFs we studied (Figure 4a,b). The amount
Ethylene in Representative MOFs

of purified C,H, (containing <40 ppm of C,H,) produced by

Ni-DCPTP during the 0—7,, time interval was determined to ‘ :
be 12.9 mol L™". The data on C,H, productivity for Ni- LD
DCPTP material exceeds those of USTA-100a and M'MOEF-3a surface area (m” g™'; BET) 857 970 110
(Figure S). In general, the C,H, separation productivity from pore volume (cm® g™') 0428 0.399 0.165
framework density (kg m™) 1012 1146 1023
16 C,H, uptake at 100 kPa (cm®g™') 14647 95.6° 4.6
C,H, uptake at 100 kPa (cm® g™") 10047 37.2° 8.96"
C,H,/C,H, uptake ratio 1.46 2.57 4.75
=N Ni-DCPTP selectivity for C,H,/C,H,* 5.5 10.72 24.03
UTSA-100a Q. (CyHy, IJ mol™)” 389 221 25
121 ° C,H, productivity (mol L™")¢ 12.9 11.8 6.6

“IAST analysis for ethylene/acetylene mixtures containing 1%
104 acetylene at 100 kPa. stt values at low surface coverage. “C,H,/
1 C,H, mixture (1/99) and the fpuriﬁed C,H, containing <40 ppm of

Productivity of C,H, (mol/L)

8 C,H,. “At 298 K. °At 296 K.7At 295 K.
g 104 oiaadsddsd 4399000000 10" 2
04 Sy 2 E -3
---------------------- 5 ] o
4+ 95K
0.8 ERE-
—7 - T T T T T T T T T T -1
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. . . e 1=
Dimensionless breakthrough time, 7, . E( 0.6 10 =
Figure S. C,H, productivity versus 7y, for Ni-DCPTP, UTSA-100a, 0.4 - 110t £
and M'MOF-3a. 3 §
0.2 ——CH g
272 . 100 QN
the C,H,/C,H, gas mixture is dependent on the pore volume, 0.0 CH, SN
the framework density, the uptakes of C,H, and C,H,, and the . . . . —Io— CZH? 10"
selectivity of C,H,/C,H,. As shown in Table 2, though the 0 100 200 300 400 500 600
M'MOF-3a has the highest selectivity and low framework Time (min)
density, the C,H, productivity is still the lowest due to its ) )
relatively low uptake of C,H, and pore volume, which restrict Figure 6. Experimental column breakthrough curves for the C,H,/
C,H, (v/v = 1/99) mixture on Ni-DCPTP at 298 K.

its separation performance. The Ni-DCPTP has the highest
uptake of C,H, and pore volume, and moderate selectivity of
C,H,/C,H,, which displays the highest C,H, productivity.
Thus, the Ni-DCPTP material demonstrates an efficient determined by gas chromatography is up to 315 min for the
removal of trace of C,H, from C,H, gas (1/99 mixture) C,H, outlet effluent with the C,H, concentration below 10
with an excellent C,H, productivity. ppm (Figure 6), affording a high C,H, purity of >99.999%.
To assess the actual separation performance of Ni-DCPTP, Obviously, Ni-DCPTP can remove the trace of C,H, from
the dynamic gas breakthrough was measured. A sample of Ni- C,H, gas and provide the polymer-grade C,H, gas. During the
DCPTP was exposed to a 2 mL min~" flow rate of a C,H,/ breakthrough process, the C,H,-captured amount was
C,H, (v/v = 1/99) gas mixture at 298 K. C,H, first eluted analyzed to be 174 mmol L™, The C,H, productivity for
through the packed column in a high-purity grade (Figure 6), Ni-DCPTP calculated from the experimental breakthrough

while C,H, was kept in an adsorber over 330 min. The time curves is 12.1 mol L%
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In order to uncover the gas separation mechanism of Ni-
DCPTP, detailed computational investigations were performed
(Supporting Information). First, grand canonical Monte Carlo
(GCMC) simulations give the preferential adsorption sites of
C,H, and C,H, located between two pyridine and two
benzene rings connected by weak interactions with the host
frameworks, respectively. Further density functional theory
(DFT-D) calculations reveal that C,H, can form a strong
hydrogen bond (C—H--O = 3.538 A with H--O = 2.468 A)
with the uncoordinated carboxylate O atom as well as two
pthers (C—H:+-O = 3.545 and 4.160 A with H---O = 2.723 and
3.098 A) with other two coordinated carboxylate O atoms
(Figure 7). In contrast, only a weak hydrogen bond (C—H--O

Figure 7. Preferential binding sites for C,H, adsorption in Ni-
DCPTP.

= 4016 A with a H--O = 2938 A) between C,H, and
coordinated carboxylate O atom and weak C—H--z (H-7 =
3.089, 3.689, and 3.356 A) interactions between C,H, and
framework are observed (Figure S8). Thus, C,H, exhibits a
large binding energy of —64.1 kJ/mol while a small binding
energy of —56.6 kJ/mol is observed for C,H,.

B CONCLUSIONS

In summary, a nickel(I) compound based on the 4'-(3,5-
dicarboxyphenyl)-2,2',6’,2"-terpyridine (DCPTP>") ligand
with the carboxylate O and pyridine N donors is presented
here. The porous compound of Ni-DCPTP has a 3D
framework containing two kinds of helical chains with opposite
chirality. Ni-DCPTP efficiently removes the trace of C,H,
from the C,H,/C,H, mixture with a high C,H, productivity,
which is confirmed by the transient breakthrough simulations
and the actual column breakthrough experiments. The result of
the computational calculations demonstrates that the basic
adsorption site for C,H, in Ni-DCPTP is the carboxylate
oxygen atoms on the surface of the 1D channels. This work
presents an elegant example with carboxylate oxygen-function-
alized pore channels for effective C,H,/C,H, separation.
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Supporting Information

Right-handed helical chain  Left-handed helical chain

Figure S1. The helical chains in Ni-DCPTP.

Figure S2. Schematic representation of the 3-connected (10,3)-d topological net of Ni-DCPTP (L =
left-handed chain and R = right-handed chain).
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Figure S3. TGA curves for Ni-DCPTP.
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Figure S4. PXRD patterns for Ni-DCPTP (a) Simulated, (b) Experimental, (c) After exposure to air
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20 h, and (d) After adsorption.
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Figure S5. IAST calculations of the C2H2/C2Ha4 adsorption selectivity for Ni-DCPTP.

Q,; (kJ/mol)

40 R0

3 P
0.0 05

T % T

2.5 3.0

T

1.0 1.5 2.0
C,H, uptake (mol/kg)

Q,, (kJ/mol)

60
504
40 1
30 1
20 —

10 +

0

0.

LTS (R N PN TR R e I P EYNT R R CON: TN S
0 05 1.0 15 20 25 3.0 35 40 45 50

C,H, uptake (mol/kg)

Figure S6. The Qst of C2H2 and C2H4 adsorption for Ni-DCPTP.
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Figure S7. The C2H2 and C2H4 adsorption curves at 298 K for the as-synthesized Ni-DCPTP (closed

circles) and the Ni-DCPTP after exposure to air for 20 h (open triangle).

Figure S8. DFT-D-calculated the preferential binding sites for C2H4 adsorption in Ni-DCPTP.

Breakthrough simulations. The performance of industrial fixed bed adsorbers is dictated by a
combination of adsorption selectivity and uptake capacity. For a proper evaluation of Ni-DCPTP and
other MOFs we performed transient breakthrough simulations. A brief description of the simulation
methodology is provided below.

Assuming plug flow of an n-component gas mixture through a fixed bed maintained under
isothermal, isobaric, conditions, the molar concentrations in the gas phase at any position and instant
of time are obtained by solving the following set of partial differential equations for each of the

species i in the gas mixture.'
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In equation (1), t is the time, z is the distance along the adsorber, p is the framework density, ¢is the

bed voidage, Vv is the interstitial gas velocity, and 9i(t.2) is the spatially averaged molar loading
within the crystallites of radius rc, monitored at position z, and at time t. The time t = 0, corresponds
to the time at which the feed mixture is injected at the inlet to the fixed bed. Prior to injection of the
feed, it is assumed that an inert, non-adsorbing, gas flows through the fixed bed.

At any time t, during the transient approach to thermodynamic equilibrium, the spatially averaged
molar loading within the crystallite rc is obtained by integration of the radial loading profile
M= [ g rordr

o )

If the value of intra-crystalline diffusivities are large enough to ensure that intra-crystalline
gradients are absent, the entire crystallite particle can be considered to be in thermodynamic
equilibrium with the surrounding bulk gas phase at that time t, and position z of the adsorber
a(t2)=q,t2)

The molar loadings at the outer surface of the crystallites, i.c. at r = rc, are calculated on the basis
of adsorption equilibrium with the bulk gas phase partial pressures pi at that position z and time t.
The adsorption equilibrium are calculated on the basis of the IAST description of mixture adsorption
equilibrium.

The interstitial gas velocity is related to the superficial gas velocity by

yoY
N C)

The adsorber bed is assumed to be initially free of adsorbates, i.e. we have the initial condition

t=0; 0,(0,2)=0 5)

At time, t = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-component gas
mixture and this step input is maintained till the end of the adsorption cycle when steady-state

conditions are reached.

t20; pOY=py: UOD=Y, 4

U, = V&

where is the superficial gas velocity at the inlet to the adsorber.

For the breakthrough simulations, the following parameter values were used: length of packed bed,



L = 0.12 m; voidage of packed bed, & = 0.75; interstitial gas velocity at inlet, v= 0.003 m/s. The

transient breakthrough simulation results are presented in terms of a dimensionless time, z, defined

L

by dividing the actual time, t, by the characteristic time, V .

In the breakthrough simulations with all MOFs, the total bulk gas phase is at 298 K and 100 kPa;
the partial pressures of C2Hz, and C2Ha4 in the inlet feed gas mixture are, respectively, p1 = 1 kPa, p2
= 99 kPa. On the basis of the gas phase concentrations exiting the fixed bed, we can calculate the
impurity level of C2Hz in the gas mixture exiting the fixed bed packed with different MOFs (Figure
4b).

At a certain time, 7break, the impurity level will exceed the desired purity level of 40 ppm that
corresponds to the purity requirement of the feed to the polymerization reactor. The adsorption cycle
needs to be terminated at that time zreak and the regeneration process needs to be initiated. From a
material balance on the adsorber, the amount of purified C2Ha produced (containing < 40 ppm C2H2)
during the time interval O—zreak can be determined. The calculations of the productivity of pure C2Ha
produced (containing < 40 ppm C:H2) in the gas phase exiting the adsorber are performed using the
computer code that solves the set of partial differential equation (1). The values of the productivity
of pure C2H4, expressed in mol C2H4 per L of adsorbent is provided in Table S1. The hierarchy of
productivities is directly related to the corresponding hierarchy of breakthrough times, 7break.

Furthermore, during the time interval 0—zbreak, the amount of C2Ha that is captured (i.e. adsorbed
in the MOF crystal) can also be determined from a material balance using the computer code that
solves the set of partial differential equation (1). The values of the capture capacity of C:Ha,

expressed in mmol C2Hz per L of adsorbent, is also provided in Table S1.

Breakthrough separation experiments. The breakthrough curves were measured on a homemade
apparatus for gases mixtures C2H2/C2Ha (Vv = 1/99) at 298 K and 1 bar. The gas flows were
controlled at the inlet by a mass flow meter as 2 mL min~!, and a gas chromatograph (TCD-Thermal
Conductivity Detector) continuously monitored the effluent gas from the adsorption bed. Prior to
every breakthrough experiment, we activated the sample by flushing the adsorption bed with helium
gas for 1 hours at 298 K. Subsequently, the column was allowed to equilibrate at the measurement

rate before we switched the gas flow.
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Figure S9. Breakthrough experiment apparatus.

Sample information in breakthrough experiment:

Length of adsorption bed: L=150 mm
Inner diameter of adsorption bed: ¢ =6 mm
Density of sample: 0.472 g/cm3
Total flow: 2 mL/min
Temperature: 298 K
Total pressure: 1 bar

weight of MOF powder 1.547 g

GCMC simulation and Density Functional Theory Calculations. All the grand canonical Monte
Carlo (GCMC) simulation and density functional theory (DFT) calculations were performed by the
Materials Studio 5.5 package. The adsorption sites of C2H2 and C2Ha4 at 298 K were obtained from
GCMC simulations through the fixed loading task in the Sorption module. The host framework and
the guest molecules were both regarded as rigid. The simulation box consisted of four unit cell and
the Metropolis method based on the universal forcefield (UFF) was used. The Qgq derived charges
and the ESP charges derived by DFT were employed to the host framework and guest atoms,
respectively. The cutoff radius was chosen as 15.5 A for the LJ potential, and the equilibration steps
and production steps were both set as 5 x 10°. All the geometry optimizations and binding energies
were calculated by the density functional theory (DFT) method with periodic boundary through the
Dmol> module. The widely used generalized gradient approximation (GGA) with the

Perdew-Burke-Ernzerhof (PBE) functional and the double numerical plus d-functions (DND) basis



set were used. An accurate DFT Semi-core Pseudopots (DSPP) was employed for the metal atoms.
Considering that a real description of the small molecule adsorption can only be obtained from an
appropriate balance of all interactions, the DFT including the long-range dispersion correction
(DFT+D) was taken into account using the Grimme (G06) semiempirical method to describe the
long-range van der Waals interactions. For all the DFT calculations, the energy, gradient and
displacement convergence criterions were set as 1 x 10> Ha, 2 x 102 A and 5 x 107 A,
respectively.

We first optimized the Ni-DCPTP structures. C2H2 gas molecule was then introduced to the
optimized Ni-DCPTP structure at the at the GCMC-identified adsorption site, followed by a full
structural relaxation. To obtain the gas binding energy, a gas molecule placed in a supercell with the
same cell dimensions was also relaxed as a reference. The static binding energy (at T = 0 K) was

then calculated using Es = ENi-DCPTP + gas molecule) = ENi-DCPTP) — E(gas molecule).

Table S1. Breakthrough calculations for separation of C2H2/C2H4 mixture containing 1 mol% C:Hz

at 298 K. The product gas stream contains less than 40 ppm C2Ho.

Dimensionless Amount of  C:H: | Productivity of pure
breakthrough captured C2Ha (mol L)
time 7 break (mmol L)

M'MOF-3a 58.5 70 6.6

UTSA-100a 112.4 136 11.8

Ni-DCPTP 142 174 12.9
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